Introduction
In recent years it has become clear that inflammation and tissue destruction in central nervous system (CNS) disease is due, at least in part, to the activation of complement. Although often implicated in contributing to the pathology of diseases such as multiple sclerosis (MS), Alzheimer's disease, and many others, how central the role of complement is to the pathology of these diseases remains controversial. Interestingly, studies in the last few years have demonstrated endogenous synthesis of complement system proteins by most CNS cell types (including complement anaphylatoxin receptors that mediate most of the inflammatory effects of the complement system) (1) (2) (3) (4) . This information, combined with a number of animal model studies in which inhibition of complement activation leads to a favorable disease outcome (both in and out of the CNS), now make it evident that the development of complement therapeutics for CNS disease merits more attention than received in recent years.
As will be discussed below, the difficulty of targeting the complement system for therapeutic intervention lies with the large number of proteins, several pathways, and numerous receptors that mediate complement host defense functions (see Fig. 1 ). Targeting the appropriate complement protein or proteins is further complicated by the fact that the details of the roles each activation peptide and receptor plays in CNS disease are largely unknown. However, insight of Alabama at from the success of complement inhibition studies outside the CNS, as well as a few studies in CNS disease models, will prove useful as rational starting points in designing new therapeutic agents and applying those therapeutics currently in use (5, 6) . This review will focus on how complement contributes to inflammation in the brain, where intervention in the complement system may prove useful, and the currently available repertoire of inhibitors that hold therapeutic potential. The reader is also referred to several excellent recent reviews on therapeutic inhibition of complement outside the CNS (5-10).
Potential
Although still largely untested, complement therapeutics in CNS disease could have a major impact on the health and quality of life for individuals with a number of different diseases. For example, complement activation has been strongly implicated in the inflammation associated with Alzheimer's disease (reviewed in refs. 1,1 1). It is estimated that over 4 million persons in North America alone are affected by Alzheimer's disease (Table 1) ( 12) . Worldwide this number may be as large as 20 million and, with the increased life span enjoyed by postindustrial societies, these numbers will increase in the coming decades. Complement therapeutics that alter the course of Alzheimer's disease would then affect a large segment of the population and could significantly reduce the costs associated with the health and daily care of these individuals (estimated at as much as $100 billion per year) (13) . The ability of a complement therapeutic to In acute or chronic inflammatory disease settings in the CNS, endogenous complement production may increase dramatically, as has been reported in Alzheimer's disease (3, 11) , bacterial meningitis (20) (21) (22) , MS and the animal model for MS, experimental allergic encephalomyelitis (EAE) (23) (24) (25) (26) (27) , stroke (S. R. Barnum et al., unpublished findings), and traumatic brain injury (28) or lesioning model systems (29) . In addition, transgenic model systems in which acutephase response cytokines are overexpressed in the CNS (reviewed in ref. 30 ) have provided evidence for increased expression of some complement components by glial cells and neurons (31, 32) . Although much remains to be done in these model systems, there is little doubt that complement production is an integral part of the inflammatory response in the CNS.
How Complement Contributes to Inflammation
The complement system is well known for its role in inflammation and perhaps best known for its ability to lyse invading pathogens and eucaryotic cells. An understanding of the molecular basis of how complement activation contributes to inflammation has increased greatly in the last decade. For a more in-depth treatment of this subject, the reader is referred to an excellent text edited by Volanakis and Frank, that covers the biochemistry and biology of complement (33) , and that edited by Morgan and Harris which covers the regulation of complement (8) .
Aside from causing degranulation of mast cells and basophils, leading to increased vascular permeability and edema, the anaphylatoxins C3a and C5a are pivotal to complement-mediated inflammatory events. These include activation of macrophages and neutrophils, the respiratory burst, and enhancement of the acute-phase response (reviewed in refs. 34, 35) . More specifically, C5a can induce the expression of a number of proinflammatory cytokines and CXC and CC chemokines from macrophages (35, 36) . Most if not all of these cytokines have been implicated in contributing to the pathogenesis of the CNS diseases listed in Table 1 (30, (37) (38) (39) . Furthermore, C5a has been shown to act as an acute-phase "cytokine" on the basis of its ability to modulate the expression of acute-phase proteins (including increased expression of some complement proteins) by hepatocytes (40) . Recent studies have demonstrated that, in vitro, astrocytes produce interleukin-6 (IL-6) in response to exposure to C3a and C5a (41) , potentially providing the CNS with a similar mechanism for inducing cytokine production. Additional studies have indicated that chemokine production may be synergistically enhanced in the presence of the membrane attack complex (MAC) and a costimulus such as immune complexes (42) . It remains to be demonstrated whether similar mechanisms are at work in the CNS; however, there is clear evidence for the presence of the MAC in Alzheimer's disease and MS brain (43, 44) , leaving open the possibility that multi-ple activated complement peptides (C5a) or complexes (the MAC) may aid in chemokine production.
The C3a and C5a anaphylatoxins are also potent chemoattractants capable of attracting mast cells, basophils, eosinophils, macrophages, and neutrophils (reviewed in ref. 35) . Recent studies have shown that T and B cells express the C5a receptor (C5aR) and that both cell types are chemoattracted to C5a at nanomolar concentrations (26, 45) . Astrocytes and microglia are also chemotactic for C5a (46, 47) . This finding, combined with the fact that C5a is capable of inducing increased expression of adhesion molecules (48) (49) (50) , indicates that C5a may not only recruit infiltrating macrophages and lymphocytes to sites of inflammation in the CNS but also aid in their adhesion molecule-dependent trafficking across the blood-brain barrier. The high expression of the C5aR on endothelial vessels in the lumbar spinal cord in EAE provides further support for this concept (25) . The MAC may also contribute to trafficking, according to recent data from Kilgore et al. (51) , in which neutrophil adhesion to endothelial cells was induced by MAC and platelet-activating factor-dependent up-regulation of P-selectin. Thus local production and activation of complement in response to trauma, infection, or autoimmune responses may contribute to induction of inflammation at the earliest stages of an immune response. Since complement gene expression by glial cells and neurons is readily up-regulated by cytokines (reviewed in refs. 1,2,4), a vicious circle of increasing inflammation may ensue until anti-inflammatory mechanisms intervene.
What to Target in the Complement

System
The complement system presents a unique challenge in terms of targeted inhibition of its multiple host defense functions. To date there are no small molecule inhibitors in use in humans that can safely block complement activation, either systemically or in the CNS compartment, without inhibiting a myriad of other essential serine proteases. Furthermore, although some proteinbinding sites of the components that comprise the C3 and CS convertases (see Fig. 1 ) and the MAC have been identified by mutagenesis, structure determination, or INDEL mapping analysis (52) , there is still much we do not know about the interaction and structural and functional features of many of the proteins in this system. For more detailed information on protein-protein interactions and protein-binding sites in the complement system, the reader is referred to Volanakis and Frank (33) .
There are several approaches available for targeting the complement system for pharmacological inhibition. Often the classical pathway is chosen over the alternative (or vice versa) because of the belief that activation of one pathway is mutually exclusive of the other, particularly if a pathwayspecific activator appears to be the primary activator in a given disease. This was initially the case in Alzheimer's disease, for example, as a number of well-performed studies demonstrated activation of the classical pathway through interaction of Clq with the amyloid peptide AO3 (53) (54) (55) . How- ever, it has subsequently been shown that peptides can activate the alternative pathway as well, which suggests that targeting one pathway could fail to provide adequate protection against complement-mediated inflammation and damage (56, 57) . In addition, there is substantial evidence of cross-pathway activation in the complement system, making targeted inhibition of a single pathway less therapeutically desirable (58) (59) (60) .
As the activation pathways of complement converge to generate C3 and C5 convertases, which cleave C3 and C5, respectively, into their biologically active fragments (see Fig. 1 ), it seems reasonable that targeting the functional activity of the convertases would be preferable to pathway-specific proteins such as C I or factor D. This is because inhibiting complement activation at the level of the convertases, particularly the C3 convertase, will block the great majority of inflammatory and lytic host defense functions of complement and only one inhibitor would be required to block complement activation. The regulatory biology of the complement system supports this concept, as most of the serumsoluble and membrane-bound complement regulatory proteins function to inhibit the formation or stability of the C3 convertases of both pathways. These proteins include decay-accelerating factor (DAF), membrane cofactor protein (MCP), complement receptor type 1 (CR1), C4b binding protein (C4BP), and factors H and I. There is also evidence from a number of in vivo model studies that demonstrates that inhibition at the level of the CS convertase, by preventing the cleavage of CS through the use of an anti-CS antibody, provides substantial protection against complementmediated inflammation and damage (61) . Thus inhibiting complement at the level of the C 3 and C5 convertases appears to provide a highly promising set of targets for continued therapeutic development.
The MAC is a further therapeutic target and its destructive function has lead to a significant effort to find ways to block the formation of the MAC on tissues. Many of these studies involve the generation of transgenic animals expressing CD59, a GPI-anchored protein that inhibits the binding of C9 to C8 and the binding of additional C9 molecules into the developing MAC pore (8, 62 (69) . Receptor agonists and antagonists will be described below.
Currently Available Inhibitors and Their Application
There are a number of complement-specific inhibitors in clinical trials or in various stages of development. These inhibitors target primarily the C3 and C5 convertases, although there has been a substantial effort to design inhibitors specific for early classical and alternative pathway activation proteins (Clr, Cls, and factor D). These inhibitors as well as more recently described molecules will be described below.
Complement Receptor Type 1 and Derivatives CR1 is a membrane-bound complement regulatory protein composed almost exclusively of a short-repeat motif known as a short-consensus repeat (SCR) or a complement control protein module (CCP) (70) (see Fig. 2 ). The most common allotype (type A) has 30 SCRs, the first 28 of which are organized into long homologous repeat (LHR) units of 7 SCRs each. The first two SCRs of the first LHR (LHR-A) have binding specificity for C4b while the first two SCRs of the subsequent LHRs (LHRs B and C) have specificity for C3b. Mutagenesis studies have identified residues important in C3 binding specificity for LHRs B and C (71) . This information, combined with the recent crystallization and X-ray diffraction analysis of the SCRs of DAF (72) , may allow the identification of essential structural features of the C3b binding site of CR1. Such information may lead to the development of much smaller CR1 structure-based inhibitors. CR1 acts intrinsically (that is, on the cell on which it is expressed) to inactivate C3 and C5 convertases of both the classical and alternative pathways (reviewed in refs. 8, 62, 73) . A naturally occurring soluble form of the molecule (sCRl) has been described in plasma under normal and inflammatorv conditions (74) . 
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Several modified versions of CR1, generated by recombinant approaches, have yielded sCRI proteins with different molecular structures. The most widely used version is a nearly full-length CR1 that lacks the transmembrane and cytoplasmic domains, retaining the 30 SCR modules found in the A allotype. This protein was originally and successfully used in a model of myocardial ischemia/reperfusion (75), but has subsequently been applied to a number of other tissues for ischemia/reperfusion models and a variety of acute and chronic inflammatory disease models, as well as xenotransplantation (reviewed in ref. 6 ). With respect to CNS applications, sCRl has been successfully used in EAE, an animal model for multiple sclerosis (76) . In this model, sCRI, given intraperitoneally, was able to significantly block a highly acute, antibody-mediated form of EAE. These data demonstrate that despite systemic delivery and the large size of sCRI (-150,000 MW), it was effective in inhibiting the acute effector phase of the disease. A chronic EAE model more representative of the disease in humans was not examined. The peripheral nervous system (PNS) diseases, myasthenia gravis, and experimental autoimmune neuritis were also inhibited by systemic administration of sCRi (77, 78) . The pharmacokinetics of sCRI in the CNS are unknown, but in the absence of normal plasma turnover mechanisms, the t112 of the 13-phase may exceed that of the reported 30 hr (79) . Prolonged systemic use of sCRI for chronic CNS (or PNS) disease is unlikely, given the potential for infection due to (85) . An interesting chimeric protein, complement activation blocker-2 (CAB-2), that overcomes the limitations of using soluble DAF or MCP alone was recently described (86) . Structurally, CAB-2 is smaller than sCRI (110 kD), which may permit greater diffusibility. CAB-2 displays both decay-accelerating and factor I cofactor activity in vitro and is functional in vivo in multiple animal models. CAB-2 has good pharmacokinetics with a t1/21f of 8 hr, which may be longer in the CNS compartment.
Although not yet assessed in CNS inflammatory diseases, CAB-2 may have good therapeutic potential in the CNS, according to in vivo studies using a murine complement regulatory protein that is functionally equivalent to CAB-2. This protein, complement receptor-related protein y (Crry), is composed of five SCRs and is a membranebound protein acting intrinsically to inhibit complement activation of both the classical and alternative pathways (87) . Transgenic mice producing a soluble version of Crry (sCrry) systemically are protected from antibody-induced glomerular injury (88) . A transgenic mouse that expresses sCrry in the CNS compartment, under the control of an astrocyte-specific promoter, was generated in our laboratory (89) . This model system allows analysis of the role of complement in both acute-and chronic-disease settings, overcoming the problem of cross-species immunogenicity of previous studies (76, 78) . Preliminary data from an active EAE model system with sCrry mice showed significant protection from disease as assessed by clinical scoring and histopathological analysis. The sCrry transgenic mice had little or no macrophage or T cell infiltration and no demyelination, demonstrating that complement plays a significant role in the effector phase of this disease model (N. Davoust et al., unpublished results) . These data also provide strong evidence that inhibiting complement activation in the CNS is therapeutically valuable. C3 and C5 Inhibitors Inhibitors that specifically bind to and prevent the activation of C3 and C5 are another class of inhibitors that may be useful in CNS applications. Compstatin, a recently described 13-residue cyclic peptide, binds to C3 and prevents the generation of C3a and the MAC as well as the binding of C3-derived fragments in two models of extracorporeal circulation (90, 91) . In addition, compstatin was shown to be effective in prolonging the ex vivo survival of perfused pig xenograft (92) . Compstatin is an appealing molecule for CNS applications because of its small size relative to the proteins described above (1.5 kD compared to 28 kD and larger) and its binding specificity. However, compstatin's blood-brain barrier (BBB) permeability and pharmacokinetics remain to be determined. A further difficulty with compstatin is its high species-specificity (90), thus it may not be suitable for evaluation in most small-animal model systems. (61, (93) (94) (95) (96) (97) . There are two well-described monoclonal antibodies that have been used for these studies, N19/8 (98) and a recombinant, single-chain antibody generated from the variable region of N19/8 (93) . None of these model systems has focused on CNS inflammatory diseases. Although the pharmacokinetics of these antibodies are favorable, it remains to be seen whether these reagents can be modified sufficiently to avoid immunogenicity problems and be useful in chronic-disease settings, such as Alzheimer's disease or MS. Transgenic approaches to producing human monoclonal antibodies may be useful in this regard (99, 100) . The recently described crystal structure for C5 may provide additional therapeutic targets as structure-function relationships are further defined (101) .
Protease Inhibitors and Receptor Antagonists Synthetic compounds and structure-based drug design have been and continue to be the major focus for developing complement inhibitors (reviewed in ref. 6 ). Inhibitors targeting the classical pathway serine proteases C Ir and C Is have been extensively examined using a variety synthetic derivatives, including amidine and guanidinesubstituted compounds, substituted isocoumarin derivatives, and substituted benzoxazinones (1, (102) (103) (104) . Many of these compounds are selective for C 1 r and have demonstrated functional activity in hemolytic assays. Despite these successes, none of the these compounds has displayed the selectivity in inhibiting C Ir or C Is, relative to other serine proteases, that makes them attractive enough for further development as complement-inhibitory therapeutics. Threedimensional models have been constructed of the protease domains for C Ir and C Is and these may prove useful in the design of more effective and specific inhibitors (105, 106) .
Factor D, the first complement component to have its three-dimensional structure determined (107) , has recently been shown to be a novel self-inhibited serine protease (108) . A number of X-ray crystallography studies examining factor D mutants have identified structural features in the active site of the enzyme that may account for its high substrate-specificity and slow catalytic rate. These results also support the concept that factor D functions through an induced-fit mechanism (109, 110) . Structure-based drug design studies are underway for factor D, although no highly specific inhibitor has yet been developed (111) .
The concept of inhibiting the inflammatory effects of complement activation by generating antagonists for the C5aR has been extensively studied. Early studies described peptides with mixed agonist/antagonist properties; antagonist properties included inhibition of C5a binding to its receptor, reduced chemotactic function, and inability to degranulate cells or induce superoxide release from neutrophils (112) (113) (114) . Subsequently, synthetic hexapeptides were developed that had greater binding affinity (nanomolar versus micromolar concentrations) and variable antagonist features, depending on the aromaticity of the residues at position five of the peptide. One of these peptides (NMePhe-Lys-Pro-dChaLeu-dArg, where NMe is N-methyl and Cha is cyclohexylalanine) was considered a full antagonist because it prevented degranulation of neutrophils, Ca2+-flux, and chemotaxis (115) . In other studies, multiple-antigen peptides (MAPs) derived from the carboxy-terminal region of C5a (MAP 61-74) displayed antagonistic properties in Ca2+-and ,B-hexosaminidase release assays (116) . None of these molecules were examined in any in vivo model system to assess their effectiveness or toxicity.
More recently, recombinant C5a antagonists have been described that differ from the native molecule in only a few key residues. In particular, substituting a cysteine for the glutamine at position 71 generated an antagonist (C5aRAM) with a Ki of 8 nM (1 17) . Further modification of C5aRAM by changing the histidine at position 67 to a phenylalanine resulted in an antagonist with a Ki of 1 nM. In addition, the dimeric form of C5aRAM (C5aRAD) was an effective inhibitor in a number of in vitro assays, including increase in Ca2+ rise, CD 1 lb up-regulation, superoxide release, lysozyme release, and chemotaxis (117) . More importantly, C5aRAM and C5aRAD were effective in blocking dermal edema and CSa-induced neutropenia, demonstrating their utility in vivo. In an additional study, a C5aR antagonist was generated from a phage library (118) . This antagonist (A8) differs from the native molecule in the carboxy terminus, substituting R-S-L-L-R for D-M-Q-L-R at positions 69-73, and eliminates the arginine at position 74. The A8 antagonist was highly effective in a number of in vitro and in vivo systems, including in ischemia or reperfusion injury. Toxicity and pharmacokinet-ics of the antagonists described in either study were not reported. These data suggest that targeting the C5aR is more feasible than ever and, given the myriad of functional activities the C5aR plays in inflammation, merits testing in the CNS.
Receptor antagonists for the C3aR have not been examined nearly as much as those for the C 5aR, in part because the C 3aR has only recently been cloned and structural features important in ligand binding are only now underway (69) . Cyclic disulfide analogues of C3a have been shown to be weak antagonists of C3a binding to its receptor, but no other functional or in vivo studies have been reported (119, 120) . Given the widespread expression of this receptor in the CNS, antagonists for the C3aR may be as valuable as those for the C5aR, especially if there are significant overlaps in their functional roles in CNS diseases.
Problems to Overcome
Although the human-specific complement inhibitors described here have not been tested in CNS diseases, many have been used in a variety of animal models with excellent success. The ability of sCrry to block the development of EAE in mice provides additional support for the use of complement inhibitors in CNS disease. Despite this promising new avenue, there are still substantial problems that need to be addressed before this group of inhibitors may be clinically useful. Perhaps one of the biggest challenges is the delivery of large molecules to the CNS. All of the inhibitors described here have molecular weights of >1.5 kD and many are >50,000 in molecular weight. Because the BBB only permits the passage of ionized watersoluble molecules with a molecular weight of 180 or less (121, 122) , none of the complement inhibitors described above is likely to reach the CNS without a breach in the BBB due to inflammation or through alternative mechanisms. Nevertheless, there are many advances being made in targeting the CNS for therapeutic purposes, including direct convective delivery (123, 124) , osmotic BBB disruption (122) , lipophilic agents (125, 126) , andenoviruses (127) , and stem-cell engraftment (128, 129) . Many of these approaches would be suitable for the delivery of complement inhibitors to the CNS. Adenoviruses and stem cells may be particularly important for the delivery complement inhibitors to the CNS as diseases such as MS or Alzheimer's may require continuous delivery over extended periods of time.
Conclusions
Although there is much to be done to determine the potential efficacy of complement inhibitors in CNS inflammatory diseases, this area of research has an exciting future. The "decade of the brain" has clearly shown that the brain is not an immune-privileged site as previously believed, but, rather, is an immunocompetent organ. Thus much of what is known for the immune system and inflammation outside the CNS may apply to the brain as well, making it possible to uncover the etiology of CNS diseases and therapies at a much faster pace. Furthermore, the recent determination of the three-dimensional structure of some complement proteins makes it likely that the structures of many other proteins will follow. These data may lay the groundwork for even smaller site-specific inhibitors of the complement system as the protein-protein interactions of the molecules involved in complement activation and/or function are deciphered. Perhaps in the near future complement inhibitory reagents will be part of the standard clinical therapy used in CNS diseases. Even if these therapeutics provide only partial protection from disease, they may still be important for quality-of-life issues in terms of reduced neurodegeneration in Alzheimer's disease or neurological sequelea in traumatic brain injury or bacterial meningitis.
